Introduction
Currently, spectrum allocated to Television (TV) broadcasting in the very high frequency (VHF), 54-216 MHz, and ultrahigh frequency (UHF), 470-698 MHz, is very attractive for secondary wireless applications. It is mainly due to the excellent signal propagation characteristics for the coverage of large areas [1] . Some recent spectrum measurements, e.g. [2] [3] [4] [5] , indicate that most of the allocated spectrum in general and the TV bands in particular are underutilized.
TV signals are usually broadcast at high and very high transmit powers. To avoid co-channel interference, TV networks operating at the same frequencies are usually separated by significant distances while neighboring TV networks use different frequency bands. As a result, spectral remnants among them exist, which can be used locally for low-power applications without disturbing TV reception. In particular, TVWS refers to the TV bands at a particular time in a specific geographic area that are not being used by licensed services [6] .
In many regions, Internet access is limited and/or costly due to the roll-out of fixed network infrastructure. Wireless systems making use of TV white spaces, i.e. IEEE 802.22 wireless regional area networks (WRAN), is a promising solution since it can offer an inexpensive alternative for Internet covering the last mile of rural communities. TVWS systems are able to detect available TV channels using spectrum sensing technique, also known as cognitive radio (CR) technology [7] . TVWS devices operate on the VHF/UHF band, i.e. 54-862 MHz, where television services exist, but do not cause interference to these TV systems. Base stations of TVWS networks use low power output, i.e. 4 W EIRP in the U.S., being capable of covering a radius of about 17-30 km, depending on antenna height and power output. As a result, wireless systems use of TVWS is suitable for the area rural demand for multimedia communication and broadband services.
An important issue for TVWS networks is to protect primary TV networks including analog TV, DVB-T and DVB-T2. Many recent studies, e.g. see [8] [9] [10] [11] , showed that white space devices (WSD) can simultaneously operate with licensed networks thanks to power adaptation algorithms. In [8] , the problem of allocating transmit power was investigated. For the interference constraint to primary users, the optimization problem of maximizing total system up-link throughput has been solved by the water filling algorithm. In [9] , a novel methodology for calculating the maximum permitted WSD EIRP subject to a target degradation in location probability was proposed. In [10] , an estimation model of the available digital TV channels for CR operations was proposed along with the concept of keep away region. Based on the proposed model, a comprehensive and profound analysis on the available spectrum for CR devices for 18 cities in the UK has been shown. In [11] , a novel power control algorithm based on the maximum allowed transmission power was proposed. Numerical results show that the proposed algorithm outperforms the traditional keep-away region algorithm in terms of numbers of vacant channels. However, the estimation of the received TV signal power and the number of available TV channels via computer simulations heavily depend on the choice of the radio propagation model.
The contribution of this paper has two parts: i) to select the best radio propagation models and ii) to propose a new algorithm to calculate TVWS channels available for TVWS networks. The algorithm also allows to take into account specific conditions in Vietnam. Field measurements were conducted to validate the proposed algorithm as well as to confirm its advantages.
The structure of this paper is as follows. Section 2 presents the 802.22 network deployment. Television protected contours are presented in Section 3, where two path-loss models including ITU-R 1546.1 and FCCdefined statistical propagation model are shown and then verified with the measurement results. In Section 4, we consider three channel models between TV receivers and WSDs. The measurement results confirm that the Okumura-Hata is the best model. Based on the two above-selected channel models, i.e. ITU 1564.1 and Okumura-Hata, we propose a white space prediction algorithm for TVWS radio systems. Finally, Section 7 provides closing remarks.
System Model
An envisioned deployment configuration for IEEE 802.22 wireless regional area network using white spaces in the television (TV) frequency spectrum is shown in Figure 1 . IEEE 802.22 WRANs are designed to operate in the TV broadcast bands while assuring that no harmful interference is caused to the incumbent operation: digital TV and analog TV broadcasting, and low power licensed devices [12] . In a WRAN cell, the network typically consists of a base station (BS) and a number of customer premise equipments (CPE) 1 . In this paper, we limit our study to fixed CPEs. The maximum transmit EIRP is of 4 W (36 dBm) based on a conducted power of 1 W and a CPE antenna gain of 6 dBi 2 .
The IEEE 802.22 standard prohibits both WRAN BS and CPE operating in the co-channel and the first adjacent channel within the protected noise-limited contour Furthermore, the CPE antenna should be mounted 10 m above the ground and at least separated by 10 m from the closest TV receiver antenna [12] . Stated another way, if a TV station is operating over channel N in the UHF band, no communications of BS or CPE inside the Grade B contour are allowed. Moreover, a keep out distance is required between a BS and a TV receiver if the BS is located outside the Grade B contour and is operating on channel N or N + 1. For channel N ± i with i ≥ 2, the communication for WRAN BS and CPE are possible subject to limit their EIRP below certain levels to avoid interference to nearby TV receivers. It is obvious that this distance is a function of the maximum allowable effective isotropic radiated power (EIRP) of the WRAN 1 Portable devices are not available at this moment for testing and measurement. 2 Other combinations are also possible as long as the maximum transmit EIRP of 4 W is not exceeded BS, the operation mode (fixed or personal/portable mode), and the transmit antenna height of WSDs. As a result, the geographical characteristics, local shape of each area, and radio propagation environments should be taken into account when determining the keep out distance.
Television Protected Contours
The prediction of the actual TV white space usability requires an accurate estimation of the broadcast coverage areas. A TV station service coverage depends on the transmission effective radiated power (ERP), transmit antenna height above average terrain (HAAT) and operating frequency band. In the US and Canada, DTV service is available in the area within the grade B contour, where the field strength values are 28 dBu for low VHF, 36 dBu for high VHF, and 41 -20log[615/channel mid-frequency in MHz] dBu for UHF [13] .
Currently, Vietnam has adopted PAL D/K for analogue TV transmission and DVB T/T2 for digital TV transmission. For PAL D/K, the median field strength in Bands I, III, IV or V for which protection against interference is planned should not be lower than values given in Table I 3 [14] . Note that these values refer to the field strength at a height of 10 m above ground level. For DVB-T and DVB-T2, the median field strengths are given respectively in Table II To determine television protected contour, we next consider two models including ITU-R 1546.1 and FCCdefined statistical propagation model. 
ITU-R 1546.1
Recommendation ITU-R 1546.1 is used as a method for point-to-area prediction of field strength for the broadcasting, land mobile, maritime mobile and certain fixed services (e.g. those employing point-to-multipoint systems) in the frequency range 30 MHz to 3000 MHz and for the distance range 1 km to 1000 km. Although field strengths may be read directly from the curves presented as figures in Annexes 2, 3 and 4 of [17] , to assist in computer implementations, the stepby-step procedure should be proceeded as follows [17] :
• Step 1: For given transmit height, h 1 , we calculate the dimensionless parameter k
where k is an integer in the range 0 to 7 representing each member line of a family starting at h 1 = 9.375 m and finishing at line h 1 = 1200 m. For h 1 outside the range, i.e. [9.375, 1200], the extrapolation is needed. • Step 2: Calculate an intermediate field strength, E u , at distance d as follows:
where
and E 2 = E re f + E o f f . In E 2 , E re f is of the form
with ξ = log (d) b 5 and
Parameters a k , b k , c k and d k in (3), (4) and (5) are given in [17, Table 6 ] for all frequencies and time percentages of the land curves.
• Step 3 (Final): Calculate the field strength, E b , as follows:
where E f s is free-space field strength defined in Annex 5, which is
and p bb denotes the blend coefficient (usually p bb = 8). Field-strength values for an arbitrary frequency, percentage of time should be obtained by interpolating between the values for the nominal frequency values of 100, 600 and 2000 MHz.
FCC-defined Statistical Propagation Model
FCC has long defined protected service areas for TV transmitters, i.e. the Grade-B service contour for analog TV stations [13] or the noise limited contour (NLC) for digital TV stations. In particular, these areas define regions where incumbent TV receivers must be protected from harmful interference or TV signals are generally receivable with an outdoor TV antenna. To predict TV broadcast service areas, FCC-defined statistical propagation models, which are based on empirical measurements, are used. The F(X,Y) model considers both a location and time-reliability variable, e.g. X% locations and Y% of time, representing the statistical percentage of locations and time that service is available at least at the field strength level. The FCC also considers standard co-channel and adjacent channel interference tolerance levels for TV receivers. Such levels help ensure interference-free reception of TV services within their protected contours. More detail on the F(X,Y) model can be found on [18] .
Comparison with the Measurement Results
In Figure 2 shows that the ITU-R 1546.1 model achieves the RMSE of 10.38 with the correction factor, see Table IV. It is shown that the ITU-R 1546 root mean square error (RMSE) is lower than that of the F(X,Y), i.e. 23.64. Since the distance is in between 10 and 20 km, it can be seen that the measured result is not agreement with the ITU-R 1546. It can be explained by making use the hidden-node effect of wireless channels. At this point, we can conclude that the ITU-R 1546 is better than the F(X,Y). As a result, we choose the ITU-R 1546.1 as the channel model for our analysis in the next section.
Channel Propagation Model for TVWS Devices
We now consider the channel propagation model for WSDs. It should be noted that fixed devices are permitted to transmit up to a 4 W equivalent of effective isotropic radiated power (EIRP), with 1 W output power and a 6 dBi gain antenna per channel. For personal/portable devices, the maximum transmit power is 100 mW equivalent EIRP with no antenna gain. In this section, we consider three models for TVWS devices including free space path loss model, two ray ground reflection model and Okumura-Hata model. 
Free Space Path Loss Model
Consider a signal transmitted though free space to a TV receiver located at distance d from the CR transmitter. Given that there are no obstructions in between and the signal propagates along a straight line, we have [19] 
where P t is the transmit power and P r is the receive power. Such a model is called as line-of-sight (LOS) channel. Furthermore, G t and G r denote the antenna gains of the transmitter and the receiver, respectively, and λ is the wavelength.
Two Ray Ground Reflection Model
The two-ray model is a commonly used propagation model since it accounts for a ground-reflected path between transmitter and receiver in addition to the LOS component. The two-ray model has been shown to produce more accurate path-loss estimates at long distances than the Friis free space equation since antenna height differences at transmitter and receiver is taken into account. For a given distance d from the transmitter, the received power is estimated by [19] 
where h t and h r are the heights of the transmit and receive antennas respectively. In (9), d c denotes the cross-over distance given by
Okumura-Hata Model
Okumura-Hata model is one of the most widely used models for signal coverage prediction in urban areas [20, 21] . This model is applicable for distances of 1-100 km and for frequencies in the range of 150-1920 MHz. Base station antenna heights, which are valid for 
In (11), operating frequency f is given in MHz and distance d in km. Furthermore, function a(h r ) and factor C, which depend on the environment, are given in [22, Appendix 7 .A].
Comparison with Measurement Results
Cognitive devices for field measurement, called RuralConnect, consists of a base station (BS) and a fixed customer premises equipment (CPE). All softwaredefined radio designed cognitive devices are provided by Carlsonwireless 5 , operating on UHF band (470-786 MHz) with bandwith of 8 MHz. The Federal Communications Commission (FCC) has certified the RuralConnect TVWS radio system for use with TV white spaces database. RuralConnect delivers extended coverage, non-line-of-sight (NLOS) broadband connectivity by transmitting over TV white space (TVWS) frequencies, which offer superior signal propagation characteristics. The RF transmit power for BS and for CPE are 26 dBm and 25 dBm, respectively. The maximum transmit power equivalent in ERP is 36 dBm for both BS and CPE. Modulation settings are provided in Table V.  Table VI provides configuration for RuralConnect BS  and CPE. In Hanoi, the measurement is performed in 10 different positions of CPE on July 2013. The TV channel under investigation is 43 (650 MHz). The BS is located at the national television broadcaster of Vietnam (43 Nguyen Chi Thanh Street, Hanoi), or VTV, with 5 http://www.carlsonwireless.com/ MHz and the measurement site is at District 9, whose locations are shown in Figure 3 . The BS is placed at the transmission site of the voice of HCM City people (Man Thien Street, District 9). It is observed from Figure 4 that the OkumuraHata model outperforms the free space model, which, in turns, outperforms the two ray ground reflection model. In the next section, we will adopt the OkumuraHata model as the channel model between fixed CR devices.
The Proposed Algorithm
Having chosen two propagation models, i.e. ITU 1564.1 and Okumura Hata, we are now in a position to pro- pose a new algorithm to estimate regional TV whitespace usability. A good starting point is the analysis of the maximum permitted transmit power of secondary users. In particular, WRAN CPEs and BSs will not be allowed to operate on the same channel or on the first adjacent channels of a TV operation within the TV protected contour. However, communications on co-channels or adjacent channels outside this protected contour are possible as long as they are located at sufficient keep-out distances beyond this protected contour. WRAN CPEs or BSs located outside the TV protected contour but within the range of the keepout distance must adjust their maximum EIRP accordingly to protect TV operation. WRAN CPEs and BSs operating on alternate channels (i.e. N ± 2, N ± 3, . . .) may be located inside the TV protected contour as long as they meet the maximum transmit EIRP limits defined by the EIRP profile. This EIRP profile defines the maximum EIRP limit that a WRAN CPE or BS will not exceed a reference minimum distance of 100 m from a TV receiver, as a function of the channel separation between the TV operation and the WRAN operation, in order to avoid causing harmful interference.
The flow chart of the proposed algorithm is given in Figure 5 , where the reference minimum distance, typically d min = 100 m. If d < d min , the channel will be advance to the black list. Otherwise, it will be added to the white list. It is noted that due to frequency reuse, some of channels on the white list will also be on the black list and vice versa. As a result, the proposed algorithm will make the comparison and channels appearing on both lists will be eliminated. The TV database consists of TV VHF/UHF (Pal D/K, DVB-T, DVB-T2) broadcasters in Vietnam, which is provided by Vietnam Authority of Radio Frequency Management [23] . The data-set includes coordinates, transmit power (ERP), antenna gain, and active channels. Note that WSDs from Carlson only work with UHF band, i.e. Carlson's Rural Connect only active on channel 21-51. To reduce the computation complexity in building TV database, we limit our database on UHF band (band IV/V), i.e. 470-806 MHz. This band is also planned for digital TV in Vietnam.
Given the coordinate of a TV broadcaster and a CR transmitter, we have
where d is the distance away from the edges of the TV transmitter. R TV is the TV coverage radius determined by the ITU-R 1546.1 model and D is the distance between two points over the Earth from their longitudes and latitudes. D is derived from the Haversine formula, e.g. [24] D = 2R arcsin min 1, sin 2 φ+cos φ 1 cos φ 2 sin 2 λ , where R is the radius of the Earth, about 6,371 kilometers. Furthermore, φ and λ are respectively defined as
where φ k and λ k with k ∈ {1, 2} respectively denote latitude and longitude of point k.
Starting from the desired-to-undesired signal ratio (D/U ratio) and adopting that the interference is a WRAN signal, the maximum undesired field strength at the noise-limited contour, E CR max , is given by [25] 
where E TV is the desired field strength, i.e. 47 dBu for DVB-T with IV/V UHF band), which is the signal TV that needs to be protected. F/B is a front-to-back radio for the TV receive antenna, i. 
Converting E CR max from dBu to dBm gives [27] 
where G dBi denotes antenna gain in dBi.
Having the maximum undesired field strength at the noise limited contour, we can calculate the maximum undesired field strength at WRAN BS and CPE (also called WSDs) as
where a(h r ) and C are given in (11).
Numerical Results
The purpose of this section is to confirm the advantage of the proposed algorithm. As a reference, the results of the keep away algorithm [10] and the algorithm in [11] on the same settings are also illustrated. The Okumura-Hata channel model is used as the channel model for calculating the maximum transmit power for CR devices. The method for determining vacant channels is connecting with TV database. We limit our study to 22 provinces on the South of Vietnam with UHF channels from channel 21 to channel 62. Other setting parameters are shown in Table VIII . In Table IX , we can see that the proposed algorithm and the algorithm in [11] give the same number of TVWS channels. Both of them outperform the keepaway one in [10] . In all channels under consideration, the maximum transmitted EIRPs from the algorithm in [11] is smaller than our proposed algorithm. In addition, the proposed one not only provides better coverage but also assures no harmful interference to licensed services. It can be explained by making use the fact that the Okumura-Hata model can predict path loss link budget better than the two-ray model. The keep-away algorithm [10] The power adaptation algorithm [11] The Figure 6 . Number of TVWS channels for CR devices at 22 different locations: with and without adjacent channels.
In Figure 6 and Table X, we study the number of TVWS provided from the keep-away algorithm and the proposed algorithm. In particular, over 22 provinces, the average number of TVWS channels of the keep-away algorithm and the proposed algorithm are 22.09091 and 34.2272. If adjacent channels are not used, the number of TVWS channels are reduced to 25.59. In addition, we can see the proposed algorithm can increase to 54.93% the average number of TVWS channels. 
